p0071, a member of the armadillo gene family, localizes to both adherens junctions and desmosomes in epithelial cells, and exhibits homology to the adherens junction protein p120 and the desmosomal protein plakophilin-1. p0071 is also present at dermal microvascular endothelial intercellular junctions and colocalizes with VE-cadherin, an endothelial specific cadherin that associates with both actin and intermediate filament networks. To define the role of p0071 in junction assembly, p0071 was tested for interactions with other components of the endothelial junctional complex. In transient expression assays, p0071 co-localized with and formed complexes with both VE-cadherin and desmoplakin. Deletion analysis using the yeast two hybrid system revealed that the armadillo repeat domain of p0071 binds directly to VE-cadherin.
Introduction
Vascular endothelial cells form a continuous cell layer along the wall of blood vessels and participate in a wide range of biological processes that regulate vascular function. One important function of the endothelial lining is to control the movement of solutes and fluid from the vascular space to the tissues (1;2). The loss of cell adhesion between endothelial cells results in tissue edema, inflammation and poor wound healing. In addition, these cell-cell contacts also function as plasma membrane attachment sites for cytoskeletal networks, such as actin and intermediate filaments, thereby influencing cell shape and tissue integrity (3) (4) (5) . It is now apparent that intercellular junctions are macromolecular complexes that integrate informational cues derived from cell adhesion events with intracellular signaling pathways that regulate cell proliferation, apoptosis and gene expression (6;7).
The mechanisms by which adhesive interactions are established between vascular endothelial cells have been studied extensively (8) . Endothelial cells express a unique cadherin, VE-cadherin (cadherin-5) 1 , which plays a central role in the establishment and maintenance of endothelial monolayer integrity and angiogenesis (9;10). Significantly, endothelial cells assemble unique junctional complexes that couple VE-cadherin to both actin and intermediate filament networks (11) , although the precise nature of these protein interactions remains only partially characterized. Like other classical cadherins, such as E-cadherin, VE-cadherin associates with the cytoplasmic proteins β-catenin and plakoglobin, members of the armadillo gene family (12) . Both plakoglobin and β-catenin bind directly to the cytoplasmic domain of VE-cadherin, thus providing a link to the actin cytoskeleton through their association with α-catenin, a vinculin homologue that plays a key role in linking the cadherin complex to the actin cytoskeleton. In addition, plakoglobin, but not β-catenin, provides a link from VE-cadherin to Desmoplakin, a member of the plakin family of cytoskeletal cross-linking proteins, is an abundant constituent of the desmosomal plaque and functions to couple intermediate filaments to
membrane-associated adhesive junctions (13;14) . Previous studies demonstrated that the carboxyl terminus of desmoplakin interacts directly with intermediate filament networks (15) (16) (17) (18) , whereas the amino-terminus of desmoplakin associates with desmosomes through interactions with plakoglobin (19;20) and the plakophilins (21) (22) (23) . In addition to playing fundamental roles in desmosome assembly and epidermal integrity (24) , desmoplakin also plays important roles in adherens junction formation (24;25) . Interestingly, vascular and lymphatic endothelial cells, which do not assemble true desmosomes, also express desmoplakin (26;27) . In cultured HUVECs and primary dermal microvascular endothelial cells, desmoplakin was shown to localize to intercellular junctions (11;28) . Recent studies also indicate that desmoplakin plays an important role in vasculogenesis (29) , underscoring the need to determine how desmoplakin interacts with other components of endothelial intercellular junctions.
An exciting development over the last several years is the realization that intercellular junctions contain a newly identified subset of armadillo family proteins termed the p120/plakophilin subfamily (30;31) . In general, p120 assembles into actin-associated adherens junctions whereas the plakophilins assemble into intermediate filament based desmosomes.
Interestingly, one member of the subfamily, termed p0071 assembles into both adherens junctions and desmosomes (32) . This dual targeting of p0071 to both types of junctions raises the possibility that p0071 plays a role in the molecular cross talk that occurs between different intercellular junctions, thus influencing a range of cellular events that are regulated by either the 
Experimental Procedures cDNA Constructs

p0071.
A cDNA construct encoding full length human p0071 was generated as described previously (32) and subcloned into the Not I site of pKS vector (Stratagene, La Jolla, CA).
Expression in eukaryotic cells was performed with the FLAG tagged expression system pCMVTag4 or pCMV-Tag2 vectors, containing a carboxyl-terminal FLAG epitope or an aminoterminal FLAG epitope, respectively (Stratagene). p0071 . FLAG was constructed using the 3.0-kb Not I/Sal I fragment from the pKS vector containing the p0071 insert and subcloned into pCMV-Tag4. Similarly, p0071 . FLAG was generated from a 1.8-kb Not I/Pst I fragment and subcloned into pCMV-Tag4. p0071 (554-1016). FLAG was generated from a 1.8-kb Pst I/Sal I fragment, and subcloned into the pCMV-Tag2 vector. To generate a tagged full length p0071
(p0071 . FLAG), a point mutation was introduced to eliminate the stop codon using the primer pair (5'-GAC TCA TGG GTG GCG GAT CAA GCT TCC CAA CAG AGG) and (5'-CCT CTG TTG GGA AGC TTG ATC CGC CAC CCA TGA GTC) and employing the QuickChange site-directed mutagenesis kit (Stratagene). The resulting 3.5-kb BamH I/Hind III by guest on January 8, 2018
http://www.jbc.org/ Downloaded from fragment was subcloned into the pCMV-Tag4 vector. The p0071 . FLAG construct was generated by PCR using the 5' p0071 primer (5'-CGC GGA TCC AGA GGA ATG CCA GCT CCT GAG CAG GCC) to generate a BamHI site (underlined) at the 5' end of the p0071 . FLAG and the 3' p0071 . FLAG primer (5'-TTT AAC GTC GAC CTA CTT ATC GTC GTC ATC CTT GTA ATC GGT GCC ATC ATC AGC CGG CAC), which generates the FLAG tag (italicized) and a 3' Sal I site (underlined). The p0071 (509-992). FLAG was also generated using 5' p0071 primer (5'-CGC GGA TCC AGA GGA ATG ACA AGA TCC CCA TCA ATA GAC)
to generate a BamH I site (underlined) at the 5' end of the construct and the 3' p0071 (509-992). FLAG primer (5'-CCG CTC GAG CTA CTT ATC GTC GTC ATC CTT GTA ATC CCA TAA TGT ATT CAA GAC CTG GGC), which generates the FLAG tag (italicized) and a 3' Xho I site (underlined). The p0071 (992-1192). FLAG was generated by PCR using the 5' p0071 primer (5'-CGC GGA TCC AGA GGA ATG CAA TAT CGG GAC CTC CGG AGC) to generate a BamH I site (underlined) at the 5' end of the p0071 (992-1192). FLAG and the 3' p0071 (992-1192). FLAG primer (5'-CCG CTC GAG CTA CTT ATC GTC GTC ATC CTT GTA ATC CAC CCA TGA GTC TGG GGA CCC), which generates a FLAG tag (italicized) and a 3' Xho I site (underlined). The PCR products were subcloned into donor vectors of the Creator System (BD Biosciences Clontech, Palo Alto, CA) and PCR generated regions were sequenced to verify that errors were not introduced into the coding sequence. Expression of all constructs was further verified by Western blot and immunofluorescence. A diagram illustrating the different domains of the recombinant proteins used in this work is shown in figure 1 .
VE-cadherin.
Full length cDNA encoding human VE-cadherin, subcloned into the pECE vector using the SV40 promoter, was generated and described previously (9;33). The cDNA clone encoding the cytoplasmic domain of human VE-cadherin was generated by PCR as described Desmoplakin. cDNAs encoding full length desmoplakin with a carboxyl terminal myc epitope tag, the first 584 amino acids of desmoplakin (DPNTP) (35) , and a truncated desmoplakin polypeptide lacking the amino-terminal domain (DP∆N) (15;16) were generously provided by K.J. Green ( Figure 1 ).
Yeast Two-Hybrid Assays
Yeast two hybrid vectors encoding GAL4 DNA binding (pLP-GBK) or transcription activation domain (pLP-GAD) were purchased from BD Biosciences Clontech. p0071 constructs described above were subcloned from the Creator system donor vector into the Creator system acceptor vector pLP-GBK. VE-cadherin cytoplasmic domain was subcloned into the creator system donor vector (BD Biosciences Clontech) followed by recombination subcloning into the acceptor vector pLP-GAD. All constructs were then verified by sequencing. To assay for interactions between proteins, 5-10 ug of plasmid DNA was transformed into the yeast strain AH109 (BD Biosciences Clontech) using LiAc and double transformants were selected using growth in the absence of leucine and tryptophan. Expression of the His and Ade reporter genes was analyzed by monitoring colony growth on plates lacking histidine, adenine, leucine, and tryptophan. 
Antibodies and Immunofluorescence Microscopy
The distribution of p0071 in MEC cells and transiently transfected COS-7 cells was analyzed by immunofluorescence. Cells grown on coverslips were rinsed in PBS and fixed in methanol at -20°C for 4min. Alternatively, cells were fixed in 3.7% paraformaldehyde in PBS followed by permeabilization in 0.5% Triton X-100 in PBS. VE-cadherin was monitored using mouse monoclonal antibody cad-5 (Transduction Laboratories, Lexington, KT); Desmoplakin was detected using a rabbit polyclonal antibody NW6 directed against the desmoplakin carboxylterminal domain (37) or the myc epitope tag (Bethyl Laboratories, Inc., Montgomery, TX).
Endogenous p0071 was analyzed with a rabbit polyclonal antibody (32), while FLAG tagged p0071 was detected by the monoclonal antibody against the FLAG tag (Stratagene). Appropriate species cross-absorbed secondary antibodies conjugated to rhodamine, fluorescein or various by guest on January 8, 2018
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Alexa Fluors (Molecular Probes, Eugene OR) were used for dual label immunofluorescence.
Control experiments were carried out routinely to verify that fluorescence was not due to secondary antibody cross reactivity. Microscopy was carried out using a Leica DMR-E fluorescence microscope equipped with narrow band pass filters and a Hammamatsu Orca camera. Images were captured and processed using Open Lab software (Improvision, Inc., Lexington, MA).
Immunoprecipitation and Western Blot Analysis
Immunoprecipitation was carried out as described previously (19;21) . Briefly, cells were scraped into Tris-buffered saline containing 0.5% Triton X-100, vortexed and subjected to centrifugation at 14,000 x g. An antibody (M2) directed against the FLAG tag conjugated to agarose beads (Sigma Chemical) was incubated with the cell lysate for 1 hour at 4°C. 
p0071 binds VE-cadherin
The localization of p0071 at cell-cell borders suggested that this protein may interact with other components within the intercellular junctions of microvascular endothelial cells, such as VE-cadherin. To begin the analysis of p0071 binding partners, a FLAG tagged p0071 (p0071 (1- 3C,D). p0071 FLAG ( Figure 3C ) and VE-cadherin ( Figure 3D ) exhibited extensive colocalization, primarily at cell-cell borders. Moreover, in cells co-expressing p0071 (1- proteins were assayed using growth in the absence of histidine and adenine ( that binds to VE-cadherin, deletion mutants of p0071, designated p0071 , p0071 , and p0071 , were generated and analyzed for the ability to bind to the VE-cadherin cytoplasmic domain (Fig. 3E) and p120 compete for binding sites at cell-cell junctions, FLAG tagged, full-length p0071 was transiently expressed in COS-7 cells. The cells were then processed for immunofluorescence microscopy using antibodies directed against the FLAG epitope tag to detect exogenously expressed p0071 along with antibodies directed against endogenous p120. In untransfected cells (Fig. 4A ,B) p120 was detected in a continuous pattern along cell-cell contacts (Fig. 4B ). In contrast, p120 staining was dramatically reduced at the borders of adjacent cells expressing the FLAG tagged p0071 protein (Fig. 4C,D) , suggesting that p0071 occupies membrane binding sites in a mutually exclusive manner with p120. To determine if p0071 and p120 bind to the same region of VE-cadherin, a triple alanine substitution at residues 652-654 of the VE-cadherin juxtamembrane domain was generated and tested for the ability to bind to plakoglobin, p0071 or p120 in the yeast two hybrid system. Protein-protein interactions were monitored by growth in the absence of histidine and adenine. Although plakoglobin bound to the mutated VE-cadherin cytoplasmic domain, neither p0071 ( Fig. 4E) (29) . Based on these previous reports, and on the observation that p0071 localizes to both adherens junctions and desmosomes (32), p0071 was tested for interactions with desmoplakin. FLAG tagged p0071
(p0071 ) and full-length myc-tagged desmoplakin were co-expressed in COS-7 cells (Fig.   5 ). In transfected cells, dual label immunofluorescence demonstrated that p0071 co-localized with full-length desmoplakin (Fig. 5A,B) . The two proteins were often detected in a filamentous staining pattern and in perinuclear aggregates, resulting from the alignment of desmoplakin along intermediate filament networks when expressed in cultured cells (15;16) . Furthermore, exogenous p0071 targeted to both desmosomes and adherens junctions in transiently transfected A431 cells (not shown). In contrast to PKP-1 (40), p0071 did not appear to enhance the recruitment of full-length desmoplakin to intercellular junctions in transfected COS-7 cells (Fig.   5A, B) .
To determine the domain of desmoplakin required for co-localization with p0071, a desmoplakin mutant lacking the amino-terminal domain (DP∆N.myc) was co-expressed with p0071 in COS-7 cells (Fig. 5C,D) . As with full length desmoplakin, DP∆N aligned along intermediate filament networks in a filamentous pattern (Fig. 5D ). However, p0071 (Fig. 5C) by guest on January 8, 2018
http://www.jbc.org/ Downloaded from failed to colocalize with DP∆N ( Fig. 5D) , suggesting that the desmoplakin amino-terminal domain is required for interactions with p0071. To further investigate the ability of these proteins to interact, co-immunoprecipitation studies were performed (Fig. 6) . Protein complexes were captured from transiently transfected 293 cells using M2 agarose beads specific for the FLAG tag. Full length desmoplakin and DP∆N were detected by Western blot analysis using the myc epitope tag. Full length desmoplakin consistently co-immunoprecipitated with p0071, whereas the amino-terminally truncated desmoplakin failed to co-precipitate with p0071 ( Fig.   6B ). Parallel Western blots verified that p0071 (Fig. 6C ) was captured by the immunoprecipitation procedure and that both full length and DP∆N were expressed in each transfection (Fig. 6A) . Together with the colocalization data shown in Figure 5 , these experiments suggest that p0071 interacts with the amino-terminal region of desmoplakin.
To determine if p0071 binds directly to the amino-terminal domain of desmoplakin, interactions between p0071 and the desmoplakin amino-terminal polypeptide DPNTP (35) were tested using the yeast two hybrid system. Growth in the absence of histidine and adenine was used as a reporter for protein interactions (Fig. 7A) . As reported previously, DPNTP interacted directly with plakoglobin (19) , but failed to interact with the VE-cadherin cytoplasmic domain.
We were also unable to detect interactions between DPNTP and p120 (not shown). However, direct interactions between multiple domains of p0071 and DPNTP were consistently observed by yeast two hybrid analysis (Fig. 7A) . To further investigate p0071 domains that interact with desmoplakin, the p0071 head or arm domains were co-expressed with full length desmoplakin in COS-7 cells (Fig. 7B-F) . As expected, full length desmoplakin aligned along intermediate filament networks (Fig. 7B,D) . The amino-terminal head domain of p0071 consistently colocalized with desmoplakin in a filamentous pattern (Fig. 7B,C) . In contrast, the armadillo by guest on January 8, 2018
http://www.jbc.org/ Downloaded from domain of p0071 was unable to associate with desmoplakin when transiently expressed in COS-7 cells (Fig. 7D,E) . Figure 7F summarizes colocalization results using COS-7 cells transfected with various domains of p0071 and full length desmoplakin. The results of extensive cotransfection analysis in COS-7 cells suggest that the non-armadillo head domain of p0071
associates with the amino-terminal domain of desmoplakin. However, as indicated by the yeast two hybrid analysis, it is likely that other domains of p0071 outside of the head domain also contribute to the interaction with the amino-terminal domain of desmoplakin.
p0071 couples VE-cadherin to desmoplakin
Desmoplakin and VE-cadherin have been shown to co-localize in human dermal microvascular endothelial cells. However the association is not through a direct linkage, but rather through a complex with plakoglobin (11). To examine if p0071 could perform a similar role as plakoglobin and link VE-cadherin to desmoplakin, triple label immunofluorescence studies of transiently transfected COS-7 cells were undertaken. Full length desmoplakin (DP.myc) and VE-cadherin were co-expressed in COS-7 cells in the absence (Fig. 8A-D) or presence ( Fig. 8E-H ) of full-length FLAG tagged p0071 (p0071 ). In the absence of p0071, VE-cadherin failed to colocalize with desmoplakin ( Fig. 8 top panels) . In contrast, VE-cadherin exhibited striking colocalization with desmoplakin in the presence of p0071 (Fig. 8 p0071 is most closely related to members of the p120 subfamily of armadillo proteins.
This group of proteins also includes the plakophilins, a family of desmosomal and nuclear proteins that are directly involved in the recruitment of desmoplakin to desmosomes in epithelial cells (21) (22) (23) . Although amino acid sequence analysis reveals similarities between p0071 and plakophilins 1-3 (32;41), there are distinct differences in the tissue distributions of these proteins.
The plakophilins are primarily expressed in epithelial tissues that assemble desmosomes, although cells lacking desmosomes also have been described to contain plakophilins 1-3 (41-43).
In contrast, p0071 exhibits a broad tissue distribution and is unique among the p120/plakophilin family members in that p0071 is the only member of this subfamily described to date that assembles into both adherens junctions and desmosomes. However, the distribution of the various plakophilins in endothelial cells is not well characterized, and the manner in which by guest on January 8, 2018
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Although p0071 interacts with desmoplakin in a manner similar to the plakophilins, amino-acid sequence analysis indicates that p0071 is more closely related to the p120 family members δ-catenin and ARVCF than to the plakophilins 1-3 (44) . Interestingly, p0071 exhibits strong interactions with the classical cadherins, VE-cadherin (Fig. 3 ) and E-cadherin (not shown,
Hatzfeld et al, submitted). Furthermore, p0071 interacts with the VE-cadherin juxtamembrane domain in a region that is highly conserved in the classical cadherins. Mutational analysis of VE-cadherin indicates that a triple amino-acid substitution of the juxtamembrane domain abrogates both p0071 (Fig. 4 ) and p120 binding (not shown). When expressed transiently in COS-7 cells, p0071 also displaced p120 from intercellular junctions. The fact that a triple alanine substitution abrogates binding to both p120 and p0071 combined with the observation that p0071 displaces p120 from cell-cell junctions strongly suggests that p0071 may bind to the p120 binding site on classical cadherins and compete for p120 binding to cadherins. This prediction is similar to models proposed for other members of the p120 family (45;46). A major challenge will be to discern how cells use this complex repertoire of armadillo proteins to modulate the functional state of adhesive contacts. In the case of endothelial cells, one possibility is that by increasing p0071 expression, the cadherin associated pool of p120 would be decreased, thereby shifting VE-cadherin association from actin-based to intermediate filament- An important finding in the present study is that p0071 appears to physically link VEcadherin to desmoplakin. As shown in Figure 8 and as described previously (11) found to bind to a number of intercellular junction proteins, including desmoplakin and several members of the desmosomal cadherin family (23) . The detailed manner in which the plakophilins contribute to junction assembly remains unclear, and understanding how these proteins contribute to junction assembly is an important area of investigation.
The suggestion that p0071 functions as a linker between VE-cadherin and desmoplakin predicts that this armadillo family protein may have some overlapping function with plakoglobin. Like p0071, plakoglobin is widely expressed and assembles into both adherens junctions and desmosomes (48;49) . Unlike β-catenin, which associates predominantly with adherens junctions, plakoglobin is thought to facilitate cross talk between adherens junctions and desmosomes (50) . The hypothesis that p0071 may be able to substitute for some of these functions of plakoglobin is supported by knock out experiments in which various components of the endothelial adhesion complex have been ablated. VE-cadherin null embryos were found to undergo normal vasculogenesis, but then fail to properly remodel the vascular system and ultimately die at embryonic day 9.5 (51;52). Conventional approaches to knock out the desmoplakin gene resulted in early embryonic lethality (53) , well before vasculogenesis is initiated, thus precluding the ability to assess the role of desmoplakin in vascular development.
However, an important role for desmoplakin in blood vessel morphogenesis was revealed more recently using a tetraploid aggregation approach to rescue the early embryonic lethality of the desmoplakin null mutation (29) . Like VE-cadherin, desmoplakin was found to be required for blood vessel remodeling, and embryos lacking desmoplakin exhibited markedly fewer capillaries. In contrast, plakoglobin null animals exhibit heart and skin defects, but a vascular phenotype has not been described for the plakoglobin knock out mice (54;55). Since plakoglobin plays a role in linking desmoplakin to VE-cadherin, it is likely that in the by guest on January 8, 2018
http://www.jbc.org/ Downloaded from plakoglobin null animals, other armadillo family proteins compensate for plakoglobin in linking VE-cadherin and desmoplakin. We have been unable to demonstrate a role for β-catenin in this linkage. However, based on the ability of p0071 to bind to both VE-cadherin and desmoplakin and to mediate VE-cadherin and desmoplakin colocalization, it is possible that p0071 may compensate for some plakoglobin functions in blood vessels in the plakoglobin null animals.
In addition to the junctional binding partners for p0071 described here and by Hatzfeld et al (Submitted), p0071 has also been shown to interact with presenilin (56) 
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